Results

DSAS-6 Mutants Have Reduced Number of Centrioles
Drosophila has one SAS-6 protein ( Figure S1A in the Supplemental Data available online), named here DSAS-6. DSAS-6 localized to centrioles (Figures S1B-S1D) and its absence led to a reduction in centrosome number in S2 cells ( Figure S2 ; [6, 7] ). We observed a 16-fold reduction in the total number of centrosomes in larval brains of a genetically null DSAS-6 mutant ( Figure S3D ; see Figure S3 for mutant description), together with the appearance of smaller centrosomes ( Figure S3E , right image).
To further understand the role of DSAS-6 in centrosome biogenesis, we examined Drosophila testes (see Figure S4 ). Whereas G2 wild-type spermatocytes contained four centrioles per cell, DSAS-6 mutant spermatocytes showed a reduced number of centrioles ( Figures 1A and 1B ), consistent with a role for DSAS-6 in centriole duplication as reported for SAK/PLK4 [9] . We verified the absence of centrioles in some of these cells by transmission electron microscopy (TEM) ( Figure S5A ).
DSAS-6 Mutant Centrioles Display Loss of Cohesion and of the 9-fold Symmetry
We found smaller centrioles in testes as judged by both the fluorescence of GFP-PACT and g-tubulin, centriolar markers for spermatocytes in G2 (Figures 1B and 1C ; Figure S5C ). These small centrioles seemed to result from a failure in centriole elongation rather than centriole fragmentation because we never observed more than the expected wild-type number of GFP-PACT bodies per cell, even at later stages of development ( Figure 1A ; Figure S5D ), in contrast to what was reported previously upon centriole fragmentation [8] . To further test whether elongation was affected, we measured the size of centrioles in different developmental stages as they elongate. In contrast to the wild-type, DSAS-6 mutant centrioles showed no significant growth with development (Figure 1D) , indicative of defects in elongation. Additionally, we have previously shown that despite the efficiency of DSAS-6 RNAi, centriole disappearance shows slow kinetics [6] , similarly to previous reports for SAK/PLK4 [9] . This is consistent with a role for DSAS-6 in centriole assembly rather than in maintaining centrosome integrity. However, we can not rule out the possibility of slow loss of centriole integrity giving rise to nondetectable centriolar fragments.
TEM analysis of centrioles within mutant cysts revealed a variety of defects in centriole assembly. These included the absence of adjacent microtubule triplets (Figure 1E , asterisks; Figure S5B , arrows) and the inverted relative positioning of centriolar microtubules with respect to PCM ( Figure 1F , arrowhead). We also observed examples of the ''transient'' cilia that emanate from primary spermatocytes in which distal but not proximal parts of the basal body were missing, also pointing to a defect in centriole elongation (Figure 1G , arrows; see Figure S4 for description of cilia).
Despite their small size, centrioles in DSAS-6 mutants acted as MTOCs, recruiting PCM proteins such as g-tubulin and CNN (not shown) and nucleating astral and spindle microtubules ( Figure 1C , arrows). Meiotic spindles lacking centrioles frequently showed abnormalities ( Figure 1C ), leading to abnormal meiotic products ( Figure S6 ). This reinforces earlier findings of the important role played by normal centrioles in male meiosis [9] .
We observed that 80% of the centriole pairs in DSAS-6 mutant cysts in G2 were disengaged and did not adopt the V-shape shown by 100% of their engaged wild-type counterparts ( Figure 2A ). Such mutant centriole pairs might be expected to lead to the formation of multipolar spindles ( Figure 2B ), as observed in DSAS-6 mutant brains ( Figure S3E ). This suggests that DSAS-6 participates, directly or indirectly, in centriole engagement. DSAS-6 localized along centrioles (Figure S1D ), and its signal was stronger at the proximal and distal parts of the centrioles relative to the centriolar markers GFP-PACT and DSPD-2 [7, 10, 11] (Figure 2C ; Figure S7 ), consistent with it having roles in centriole engagement and elongation.
After meiosis, spermatocytes engage in their differentiation program whereby centrioles become basal bodies that are extended into the canonical structure of the flagellar axoneme ( Figure S4 ) [12, 13] . DSAS-6 mutants showed a variety of structural abnormalities throughout spermatid differentiation including abnormally shaped nuclei, abnormal flagella organization ( Figure S8B ), and axoneme structure ( High DSAS-6 Overexpression Generates Tube-like Structures but Is Insufficient to Form Centrioles De Novo SAK/PLK4-induced de novo centriole biogenesis is dependent on DSAS-6 [6] . These findings led us to ask whether overexpression of DSAS-6 in the female germline would be sufficient to induce the formation of multiple centrioles ( Figure S9A ). Despite the presence of many GFP-DSAS-6 aggregates, these did not contain centriole or PCM markers and centrioles were lost normally during oogenesis (Figures S9B and S9C) . The acentriolar meiotic spindles had normal morphology with apparently no additional D-PLP bodies or microtubule asters, as would be expected if there were ectopic centrioles ( Figure S9D ). When we examined embryos and eggs overexpressing GFP-DSAS-6 ( Figure 4A ; Figure S10A ), we found microtubule asters unattached to spindles, containing centriole and centrosome markers, including GFP-DSAS-6 protein foci ( Figure 4A , panel ii 0 ), g-tubulin, D-PLP, DSAS-4, and CNN (Figure S10B) . We also observed many GFP-DSAS-6 protein aggregates that did not colocalize with centrosome markers. These may reflect nonfunctional aggregates ( Figure S9 ). GFP-DSAS-6 was able to form MTOCs de novo, because they appeared in unfertilized eggs ( Figure 4A , panel iv; Figure S10B ). In embryos, we could detect these structures already by the end of the second mitosis ( Figure 4A, panel ii) , some of them in groups at the poles of the mitotic spindles ( Figure 4A, panel ii) , others forming far away ( Figure 4A, panel ii, arrows) .
By using TEM, we detected converging cytoplasmic microtubules and dense PCM material in embryos and unfertilized eggs overexpressing GFP-DSAS-6. We did not find normal centrioles at their foci ( Figure 4B ; Figures S11A and S11B), but instead we detected tube-like structures, hollow at the TEM level, in longitudinal sections ( Figure 4B , panel h) and after serial transverse sectioning in both embryos and unfertilized eggs (Figure 4B ; Figure S10B ). Some of these had a small number of microtubule doublets associated ( Figure 4B , panels e and e 0 , arrows). Some of the tubes showed a wrong curvature ( Figure 4B , panel e, arrowheads; Figure S11B , panel d, arrows), as if parts of the tube were brought together in the wrong orientation. Together, this suggests that DSAS-6 overexpression leads to formation of abnormal structures possibly related to potential centriole assembly intermediates [5] that can recruit PCM and thereby provide a focus for nucleation of cytoplasmatic microtubules.
Discussion
Here we show that Drosophila SAS-6 is involved in centriole cohesion and assembly. Overexpression of DSAS-6 resulted in de novo formation of tube-like structures whereas its downregulation resulted in structures that failed to close and elongate along all nine axes of symmetry. Together, these results suggest that centriolar assembly is a modular process in which DSAS-6 organizes nine precentriolar units that fit together laterally and longitudinally, like pieces of a layered ''hollow'' cake, specifying a tube-like centriole precursor (see Figure S12 ).
We observed a clear reduction in the number of centrioles and centrosomes after RNAi in S2 cells ( Figure S2 ) [6] and in a null Drosophila SAS-6 mutant (Figure 1; Figure S3) , as expected from the described role of its orthologs in C. elegans and humans [4, 5, 14, 15] . Additionally, only a small proportion of the centrioles in DSAS-6 mutant testes was able to attain full size (w25% versus 87% in the wild-type), suggesting defects in the elongation of those structures. Whether the ability to form such partial structures reflects residual DSAS-6 protein in the mutant (maternal protein perdures to this stage in many Drosophila mitotic mutants) or partial redundancy of function with another molecule is not clear at present. The comparable structural defects in mutant axonemes (Figure 3 ; Figure S8 ) are likely to reflect similar abnormalities in the basal bodies that act as their templates. However, we cannot fully discard the possibility of a role for DSAS-6 in axoneme formation.
What might be the role of DSAS-6 in centriole formation? The fact that we observed electron-dense, tubelike structures upon overexpression of GFP-DSAS-6 ( Figure 4 ; Figure S11 ) and the fact that SAS-6 is required in C. elegans to form a tubular centriole scaffold [5] suggest a universal role for this molecule in the formation of a tube-like centriole intermediate. The appearance of nonclosed tubes ( Figure 4B , panels c, e, and f; Figure S11B, panels a and b) and of several open tubes linked to each other at the edges ( Figure 4B , panel e, arrowheads; Figure S11B , panels d and e, arrows) suggests that tubes are assembled in a modular way. What might be the unit/module of assembly of such tubes? The analysis of centrioles and axonemes in DSAS-6 mutants allowed us to assess the degree of modular assembly, by using as a readout the structural microtubules associated with this putative inner tube. The most commonly observed incomplete centrioles and axonemes in the mutants were missing 1 to 5 adjacent triplets/doublets of microtubules (Figures 1E and 3 ; Figures S5 and S8 ). We also observed axonemes with 10 or 11 MT doublets ( Figures 3A, panel b , and 3E, panel b; Figure S8 ). This suggests that the unit of assembly of the tube is the common denominator in those structures, one-ninth of the centriole (see Figure S12) .
The nature of the tube is at present not clear. We cannot discard the possibility that DSAS-6 is a structural component of the tube because it is present there ( Figure S11C ). However, an alternative possibility is that DSAS-6 is present in the structure not as the main structural component, but to regulate the binding of the modules in the correct orientation into the tube (left-right and top-down; see Figure S12 for further discussion). DSAS-6 absence would lead to a failure of structural modules to bind, or to binding in the wrong orientation, as we have observed ( Figure 1F ). DSAS-6 overexpression would connect some of those modules in the wrong position, leading to the formation of abnormally shaped and larger tubes ( Figure 4B ; Figure S11 ). The de novo formation of abnormal centriole-like structures with few centriole microtubules has been described before in a dominant-negative dynein Drosophila mutant, suggesting that dynein may be involved in the transport of centriole precursor structures and/or molecules involved in centriole duplication, such as DSAS-6 [16] .
There is a lack of cohesion between both centrioles within each centrosome in DSAS-6 mutant testes and brains (Figure 2 ; Figure S3 ), suggestive of a weakness in the link between mother and daughter centrioles, which is only normally lost at the end of meiosis I/mitosis. DSAS-6 may regulate that link directly or indirectly. Drug treatments and molecular changes that affect tubulin polymerization give rise to phenotypes similar to the ones described here [17] [18] [19] [20] [21] [22] , suggesting that ultimately changes in tubulin stability may be at the origin of both assembly and cohesion phenotypes.
Previous work indicates that de novo MTOC formation is normally inhibited by the presence of centrosomes [6, 23, 24] . Strikingly, DSAS-6 overexpression could induce the de novo formation of tube-like structures after fertilization, in the presence of a basal body/centriole, suggesting that excess of DSAS-6 can override normal blocks to de novo MTOC formation. The presence of 
